Objective-Endothelial cells play important roles in tissue homeostasis and vascularization, a function that is impaired by aging.
R
isk factors for coronary artery disease, including aging, are associated with impaired endothelial cell (EC) functions in conductance vessels leading to atherosclerotic lesion progression and subsequently myocardial infarction. Aging is additionally associated with impaired EC functions at the level of the microcirculation and reduced neovascularization after ischemia. 1 Microcirculatory dysfunction also occurs in patients with dilated cardiomyopathy. 2 Under certain conditions, ECs can undergo morphological and functional changes, thereby acquiring a mesenchymal phenotype. This process named endothelial-to-mesenchymal transition (EndoMT) can occur in many pathological conditions 3, 4, 5 and is increased in senescent ECs in vitro. 6 EndoMT leads to the formation of mesenchymal cells such as fibroblasts and is additionally associated with a proinflammatory phenotype of ECs. 7 The induction of EndoMT is tightly controlled by several stimuli, such as the prototypic inducer TGF-β (transforming growth factor-β), but can be antagonized by angiogenic growth factors (eg, FGF [fibroblast growth factor]). 8 Extracellular matrix is critical for the function and integrity of blood vessels. ECs synthesize various extracellular matrix proteins, which control adhesion and motility, particularly during angiogenesis. 9 Laminins comprise a large family of extracellular heterotrimeric matrix proteins that contain an α-chain, a β-chain, and a γ-chain and are important regulators of cell differentiation, migration, and adhesion. 9, 10 Eleven genetically distinct laminin chains exist, combining to form distinct heterotrimeric molecules, 12 which are named according to their chain composition; for example, laminin 411, a well-known endothelial basement membrane component consists of laminin α4, β1, and γ1 chains. 13 Genetic deletion of many laminins leads to embryonic lethality, but conditional deletion studies indicate that laminins play crucial roles in the functional integrity and regeneration of various tissues, including skeletal muscle tissue 11, 14, 15 and endothelium. [16] [17] [18] In addition, laminins have been implicated in cardiovascular functions and, in particular, in the synthetic versus contractile phenotype of smooth muscle cells. 19 In this study, we aimed to determine the influence of aging and injury on EC matrix production. We observed a switch in the expression of laminins: the β1 chain gene (Lamb1) was upregulated, whereas the β2 chain gene (Lamb2) tended to be downregulated in cardiac ECs from old mice. Therefore, we performed in vitro studies using recombinant laminin 411 (containing Lamb1) and laminin 421 (containing Lamb2) and showed that the 2 laminin isoforms exhibit distinct effects on EC adhesion and phenotype.
Materials and Methods

In Vivo Studies
C57BL/6 mice were obtained from Charles River (Sulzfeld, Germany) and Janvier (Le Genest Saint-Isle, France). Acute myocardial infarction (AMI) was induced in male mice (8-10 weeks old) by ligation of the left anterior coronary artery under anesthesia with isoflurane and analgesia with Temgesic (0.1 mg/kg body weight) and Bupivacaine (1-2 mg/kg body weight). Postoperative care was maintained by a daily check-up and by Ampicillin (2 mg in 250 mL drink water), Carprofen (5 mg/kg body weight), and Temgesic (0.1 mg/kg body weight) application at the first 2 days after surgery. At day 3, Temgesic (0.05 mg/kg body weight) was used. Three days after AMI, ECs from the hearts' ventricle were isolated as described below.
Cardiac EC Isolation
Cardiac ECs were isolated from male old (18 months) versus young (12-15 weeks) mice after perfusion with isolectin by using a commercial service (Angiocrine Biosciences, San Diego, CA) isolating Cdh5+isolectin+ cells. 20 For analysis of ECs after AMI, mice hearts were harvested, cut into small pieces, and washed with Hanks buffered saline solution (+Ca ) containing 600 U/ mL Collagenase Type II (Gibco by Life Technologies). To dissociate the solid heart tissue, genteMACS Dissociator (Miltenyi) with the preprogrammed program m_neoheart_01_01 was used after 30, 20, and 10 minutes of digestion at 37°C. In a first step, cardiomyocytes were depleted by centrifugation (80g, 1 minute, 4°C), and ECs were isolated using Dynabeads (Invitrogen by Life Technologies) coated with anti-CD144 antibodies (BD Pharmingen) by magnetic separation (Miltenyi).
RNA Sequencing
RNA was isolated from isolated cardiac ECs using the miRNeasy micro Kit (Qiagen) combined with on-column DNase digestion (DNase-Free DNase Set; Qiagen) to avoid contamination by genomic DNA. RNA and library preparation integrity were verified with a BioAnalyzer 2100 (Agilent) or LabChip Gx Touch 24 (Perkin Elmer). Four hundred nanograms of total RNA (control cardiac EC versus AMI cardiac EC) and 10 ng of total RNA (young cardiac EC versus aged cardiac EC) were used as input for ribosomal depletion with RiboGone-Mammalian (Clontech) followed by library preparation using SMARTer Stranded Total RNA Sample Prep Kit (Clontech). Sequencing was performed on the NextSeq500 instrument (Illumina) using v2 chemistry, resulting in 27 to 35 million reads per library with 2×75 bp paired-end setup. The resulting raw reads were assessed for quality, adapter content, and duplication rates with FastQC. Fastx_trimmer was user to trim the first 5 bp. Trimmed and filtered reads were aligned versus the Ensembl mouse genome version mm10 (GRCm38) using STAR 2.4.0a with the standard parameters. 21 The number of reads aligning to genes was counted and compared with Ciffdiff version 2.2.1. 22 The 
Immunostaining of Laminin β1, Laminin β2, and Isolectin B4
To determine laminin β1 versus laminin β2 expressions at the protein level, fluorescence immunostaining was performed in 3 young (12-15 weeks) and 3 aged (18 months) mouse heart cryosections. In some cases, heart sections were fixed for 2 minutes with ice-cold acetone or methanol and dried. Before antibody incubation, sections were washed once in 0.1% Triton X-100 in PBS for 5 minutes at room temperature (RT) and blocked in PBS containing 1% BSA for 1 hour at RT. Subsequently, sections were incubated with primary antibodies at RT for 60 minutes or overnight at 4°C. After washing in PBS containing 0.1% Triton X-100, incubations with secondary antibodies were performed at RT for 60 minutes. Primary antibodies used included rat antimouse laminin β1 (3A4; conditioned medium, undiluted 23 ), rabbit antimouse laminin β2 (489; 1:300 24 ), rat antimouse laminin α2 (4H8-2), 25 rabbit antimouse laminin α2 ( 401 26 ), and biotinylated isolectin B4 (diluted 1:100; number B-1205; Vector). Secondary antibodies included goat antirat Alexa Fluor 555 (number A21434; Invitrogen), goat antirabbit Alexa Fluor 488 (number A11008; Invitrogen), and streptavidin Alexa Flour 647 (number S32357; Invitrogen) for isolectin B4. Nuclei were stained with Hoechst 33342 (number AS-83 218; AnaSpec, Inc). To quantify laminin β2 chain expression, fluorescence intensity per area was measured using the National Institutes of Health ImageJ software. To distinguish between the myocardial basement membrane staining and that of blood vessels, sections were double-stained for laminin α2 (using 401) 25 to mark myogenic basement membranes and laminin β1 (3A4) or laminin α2 (using 4H8-2) and laminin β2 (489).
In Vitro Studies
Cell Culture
Human umbilical vein ECs (HUVECs) were purchased from Lonza and cultured with endothelial basal medium (EBM, Lonza) supplemented with 10% fetal calve serum (Invitrogen), amphotericin-B, ascorbic acid, bovine brain extract, endothelial growth factor, gentamycin sulfate, and hydrocortisone (EGM-singleQuots, Lonza) at a humidified atmosphere at 37°C and 5% CO 2 . The described supplemented medium is referred as full EBM. Cells were detached with 0.25% trypsin (Life Technologies), which was incubated for 5 minutes at 37°C and 5% CO 2 . Trypsin was neutralized by adding full medium, and the cell number was determined by using the cell counter NucleoCounter (ChemoMetec), as described in the manufacturer's protocol.
Coating of Cell Culture Dishes
Coating of cell culture dishes was performed by using 10.6 nmol/L of the human recombinant laminin 411 and 421 (BioLamina) or fibronectin (Sigma-Aldrich) diluted in PBS containing Ca 2+ and Mg 2+ (SigmaAldrich). Matrix proteins were incubated in cell culture dishes either for 2 hours at 37°C and 5% CO 2 or overnight at 4°C before seeding cells. 5×10 4 HUVECs were seeded in 2 mL full EBM per coated 12-well plate well and were cultured for 10 days at 37°C and 5% CO 2 before performing functional assays. After 5 days, a replate was performed. 
Nonstandard Abbreviations and Acronyms
Proliferation Assay
The Click-IT EdU Microplate assay kit (Thermo Fisher Scientific) was used to analyze the cell proliferation of HUVECs cultured for 10 days on the different matrices.
Caspase 3/7 Activity Assay
The Apo-ONE Homogeneous Caspase 3/7 assay (Promega) was used to determine caspase 3/7-dependent apoptosis of HUVECs cultured for 10 days on the different matrices.
Tube-Formation Assay
In vitro tube formation was performed with 1.5×10 5 HUVECs cultured in 12-well plates (Greiner Bio-One GmbH) that had been coated with 250 µL Matrigel (number 356234; Corning) containing 5 µg laminin 421 or laminin 411. Matrigel without laminin served as control. Tube formation was determined after 24 hours by counting the branch points within the tube networks and by measuring the cumulative tube length in 3 randomly chosen microscopic fields with a computer-assisted microscope using Axiovision 4.5 (Zeiss).
HUVEC Matrix Adhesion Assay
Specific HUVEC adhesion to laminin 411, 421, or fibronectin was measured by performing cell adhesion assays. Four wells of a clear 96-well plate (Greiner Bio-One GmbH) were coated with laminin 421, laminin 411, or fibronectin as control. To determine nonspecific adhesion, additional 4 wells were coated with 10.6 nmol/L heat-inactivated BSA. Next, each well was blocked with 3% heat-inactivated BSA for 1 hour at RT. HUVECs were labeled with BCECF-AM (2′-, 7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester; number B1150; Thermo Fisher Scientific) in EBM without any supplements for 30 minutes at 37°C. After labeling, a concentration of 1×10 6 HUVECs per 1 mL was adjusted in 0% EBM+0.05% BSA. 5×10 5 HUVECs were seeded as triplicate in the coated 96-well plate, which was washed twice with 200 µL of 0% EBM+0.05% BSA and was prefilled with 50 µL of prewarmed 0% EBM+0.05% BSA. Wells filled with 50 µL of 0% EBM+0.05% BSA only served as blank controls. HUVECs were allowed to adhere for 1 hour at 37°C and 5% CO 2 . The initial fluorescence intensity of the labeled cells was measured using the microplate reader device Synergy HT Fluorometer (BioTek). After removal of nonadherent cells by washing, adherent cells were quantified. To receive the matrix-specific adhesion, the BSA blank values were subtracted from the matrix values. The results were represented as percentage of matrix-specific adhesion after washing against initial cell input.
Cell Migration Assay
Cell migration on laminin matrices was assessed by Boyden chamber assays. The assays were conducted in 24-well plates (Corning). Boyden chamber (FluoroBlok, Corning) inserts with 8-µm pores were coated with laminin 421, laminin 411, and fibronectin (as positive control) overnight at 4°C as described above. The bottom chamber was loaded with 800 µL full EBM. 5×10 4 HUVECs were adjusted in 200 µL and added to the upper chamber. The cells were incubated for 3 hours at 37°C and 5% CO 2 in a humidified atmosphere, and the filters were fixed in 4% HistoFix (Carl-Roth GmbH & Co KG) and stained with 4',6-diamidino-2-phenylindole (Carl-Roth GmbH & Co KG). The number of cells that migrated through the filter was determined by counting the cells in 5 randomly chosen images in the center of the filter at ×10 magnification using a Zeiss Axio Observer.Z1 microscope.
Induction of EndoMT
To determine the degree of EndoMT, 5×10 4 HUVECs were seeded in full EBM in 12-well plates coated with the different laminin isoforms or fibronectin, as described above. Cells were cultured for 7 days by performing a replate at day 5. After 7 days, the cells were split into 2 matrix-coated 12-well dishes. After 24 hours, EndoMT was induced by treating cells with endothelial basal medium supplemented with 10% fetal calf serum, amphotericin-B, ascorbic acid, gentamycin sulfate, and hydrocortisone (referred to hereafter as differentiation medium) without TGF β2 or by treating cells with differentiation medium with 10 ng/mL human recombinant TGF β2 (R&D Systems), which promotes EndoMT. After 48 hours, cells were treated again with differentiation medium with or without TGF-β2 and were incubated for additional 24 hours. To determine the degree of EndoMT on mRNA level, the expression of vascular endothelial cadherin (VE-cadherin) and endothelial NO synthase (as endothelial marker) and calponin and SM22α (as smooth muscle marker) against P0 as reference gene were measured. Results are represented as fold change relative to the values measured in cells plated on laminin 421.
Detachment Assay
Cell-matrix detachment was assessed by seeding human coronary artery ECs (Lonza) in 50% confluence in 12-well plates coated with LM421 or LM411. To remove nonadhering or dead cells, the medium was changed after 1 hour of attachment. After further 24 and 48 hours, medium was changed, and cells in supernatants were quantified using a Neubauer chamber.
RNA Isolation and Quantification
Total RNA was purified from cells using the miRNeasy kits (Qiagen), combined with on-column DNase digestion (DNase-Free DNase Set, Qiagen) according to the manufacturer's instruction. The RNA concentration was determined by measuring absorption at 260 and 280 nm with the NanoDrop ND 2000-spectrophotometer (PeqLab).
cDNA Synthesis
To quantify mRNA expression by quantitative polymerase chain reaction (qPCR), 100 ng to 1 µg of total RNA were reverse transcribed using the reverse transcriptase MulV (Life Technologies). The cDNA synthesis was performed in a reaction volume of 20 µL using 1× PCR Buffer II (10×) with magnesium (Thermo Fisher Scientific), 5 mmol/L of MgCl 2 (Applied Biosystems), 0.5 µg of random hexamer primer (Thermo Fisher Scientific), 0.5 mmol/L of dNTP mix (Fermentas), 20 U of RNase inhibitor (Thermo Fisher Scientific), and 50 U of MulV reverse transcriptase. The reaction was incubated at 43°C for 75 minutes followed by 5 minutes of heat inactivation at 95°C. The synthesized cDNA was diluted with RNase-/DNase-free water (Invitrogen) to prevent any interferences during qPCR caused by the ion strength present in the cDNA reaction.
Real-Time qPCR
Real-time qPCR was performed using Fast SYBR Green master mix (Applied Biosystems) and an Applied Biosystems StepOnePlus machine. The synthesized cDNA served as template. Primer sequences were designed using the NCBI Primer-BLAST online tool and were purchased from Sigma-Aldrich. Primer sequences can be found in the Table. The real-time qPCR was performed in a volume of 20 µL containing 5 µL of cDNA template, 10 µL of 2× Fast SYBR Green master + Isolectin + cardiac endothelial cells (ECs) were isolated from the heart of 12 to 15 wks vs 18-mo-old mice, and RiboMinus RNA deep sequencing was performed to screen for gene expression differences. Whereas expression of endothelial markers (Cdh5, PECAM-1 [platelet endothelial cell adhesion molecule-1], and Nos3 [endothelial NO synthase]) was not altered (A), a dysregulation in laminin β1 and laminin β2 chain was found (B), but no changes in expression of laminin α (laminin α 1-5) or γ (laminin γ 1-3) chains were observed (n=3). C, Histological analysis of laminin β1 (detected by rat anti-Lamb1 antibody, red) revealed a change in expression and localization with aging. ECs were stained with isolectin B4 (white). Nuclei were stained with Hoechst 33342 (blue). A representative image of >10 sections from 3 animals per group is shown. D, The colocalization of laminin β2 (detected by rabbit anti-Lamb2 antibody) expression with isolectin B4-positive ECs in young hearts. E, Representative overviews of laminin β2 stainings in young vs old hearts. Quantification of laminin β2 expression is shown in F. For statistical analysis, n=9 (3 images per 6 animals) were used. G, Laminin β1 and laminin β2 RNA expression was analyzed using RNA deep sequencing data from ECs isolated at d 3 after acute myocardial infarction (AMI; n=4 control vs n=3 AMI). H, In vitro experiments revealed a reduced cell number after culturing human umbilical vein ECs (HUVEC) for 10 d on the laminin β1 matrix (laminin 411) compared with the laminin β2 matrix (laminin 421). Cell numbers were determined by counting total cell number of 10 randomly chosen view fields taken with the Zeiss Axiovert 100 microscope (n=4). I, Matrix adhesion (1 h) on laminin 421, laminin 411, or fibronectin (FN). Data (Continued ) mix (Applied Biosystems), 3 µL of water, and 1 µL of the sense and antisense primer (stock concentration of 10 µmol/L each). Human ribosomal P0 (RPLP0) mRNA served as endogenous control. The real-time qPCR was performed in duplicates, and the analysis was performed with the formula 2 −ΔCT , with ΔCT=CT target gene−CT endogenous control.
Immunostaining: VE-Cadherin and SM22α
To determine EndoMT at the protein level, immunostaining against VE-cadherin and SM22α were performed. 2×10 5 HUVECs were cultured in 8-well chamber glass slide (Nunc) coated with laminin 411 and laminin 421. Before culturing on the slides, HUVECs were preincubated 7 days on laminin 411 or 421. EndoMT was induced as described above. After EndoMT induction, cells were stained with goat anti-SM22α antibody (number ab10135; Abcam) and anti-VEcadherin antibody (number 2500S; Cell Signaling Technology). For primary antibody detection, the secondary antigoat antibody, conjugated with Alexa Fluor 555 (number ab150130; Abcam) and antirabbit antibody, conjugated with Alexa Fluor 488 (number A-21 206; Life Technology) were used. Nuclei were stained with 4',6-diamidino-2-phenylindole (number 6335.1; Carl-Roth GmbH & Co KG). Five random images per condition were taken using the Core LSM Leica microscope and the LASX software (Leica). To determine the degree of EndoMT, SM22α-positive and VE-cadherin-positive cells were represented as percentage of the total cell number per image.
Immunostaining: Integrin β1
Active ITGB1 (integrin β1) was determined by immunostaining with an antibody recognizing the active conformations of ITGB1. 27 The wells of 8-well chamber glass slides (Nunc) were coated with 10.6 nmol/L of laminin 411, laminin 421, or fibronectin. 4×10 4 HUVECs per well were cultured for 24 hours at 37°C and 5% CO 2 . After removing the media, cells were stained using the primary anti-ITGB1 antibody (clone: 12G10; number MAB2247; Merck Millipore) to detect active ITGB1. The primary antibody was detected with the secondary antimouse antibody (number A-11 029; Thermo Fisher Scientific), conjugated with Alexa Fluor 488. Cytoskeleton was stained with phalloidin (number A22287; Thermo Fisher Scientific), conjugated with Alexa Fluor 647, whereas nuclei were labeled with 4',6-diamidino-2-phenylindole (number 6335.1; Carl-Roth GmbH & Co KG). Between 5 and 10 random images per condition were taken using the Core LSM Leica microscope and the LASX software (Leica). Signal intensities were evaluated using the National Institutes of Health ImageJ software. Data were normalized relative to the mean fluorescence signal detected in cells plated on laminin 421.
siRNA Transfection
HUVECs were transfected with siRNA purchased from Qiagen and Dharmacon. In brief, 1.8×10 5 HUVECs were seeded in 6-well plates and incubated at 37°C and 5% CO 2 for 24 hours. Cells were transfected using the Lipofectamine RNAiMax (Invitrogen) according to the manufacturer's protocol. Predesigned siRNA pool antihs_Integrin beta 1 SMARTpool (number M-004506-00-0005; Dharmacon) was used for siRNA-mediated silencing of ITGB1. AllStar Negative Control siRNA (number 1027280; Qiagen) were used as controls. Cells were cultured for 48 hours after transfection.
Secretome Analysis
Secreted proteins were detected in supernatants of HUVECs, which were cultured for 24 hours on LM421 or LM411. Supernatants were centrifuged (1500 rpm, 5 minutes) and were concentrated using 3K centrifugal filter units (Amicon Ultra-4, UFC800324; Merck Millipore; 6-fold). Then, cytokines and growth factors were detected using the Proteome Profiler Angiogenesis Array (ARY007; R&D Systems) according to the manufacturer's protocol.
Pathway Analysis and Heat Map Generation
Pathway analysis was performed with RNA deep sequencing data derived from isolated ECs of aged versus young mice hearts and from post-AMI versus control hearts. Significantly regulated genes were used for the analysis by using the metascape.org online tool. A heat map of RNA deep sequencing data derived from ECs isolated from aged versus young mice hearts was generated using the Morpheus online tool.
Statistical Analysis
Data are represented as mean, and error bars indicate SEM. Data were assessed statistically (D'Agostino and Kolmogorov-Smirnov test) for normality, and statistical power was determined, using 2-sided, unpaired t test for 2-group comparisons. For comparisons of >2 groups, multiple-group ANOVA with a post hoc Bonferroni test was used. *P<0.05; **P<0.01; ***P<0.001, and **** P<0.0001.
Results
Aging and Injury Regulates Endothelial Laminin Isoform Expression
To elucidate the effect of aging on ECs, we isolated ECs from hearts of young (12-15 weeks) and 18-month-old mice using a previously established protocol. 20 Whereas EC marker genes such as Cdh5 (also known as VE-cadherin), endothelial NO synthase (Nos3), and CD31 (also known as PECAM-1 [platelet EC adhesion molecule-1]) were equally expressed ( Figure 1A) , several genes clustered in old versus young mice ( Figure I in the online-only Data Supplement). Specifically, we observed a switch in the expression of the genes encoding laminin β chains ( Figure 1B) . Lamb1 mRNA expression was increased, whereas Lamb2 was decreased ( Figure 1B) . Expression of α and γ chains was not changed ( Figure 1B ). Histological analysis of Lamb1 confirmed the dysregulation during aging ( Figure 1C) . Interestingly, the localization of the laminin β1 and β2 proteins was also changed. In young hearts, laminin β1 was preferentially localized to the myocardial basement membrane, which was visualized by costaining for laminin α2 ( Figure IIA in the online-only Data Supplement), whereas in old mice hearts, laminin β1 staining was increased in and around ECs ( Figure 1C ). By contrast, the laminin β2 chain was highly expressed in vessels of the young hearts ( Figure 1D ; Figure IIB in the online-only Data Supplement) but was significantly reduced in old hearts ( Figure 1E and 1F) .
To determine whether the dysregulation of laminin β-isoforms is specific for aging or might also occur after injury, we measured Lamb1 and Lamb2 expression in ECs isolated from hearts 3 days after AMI ( Figure 1G ). Myocardial infarction resulted in significantly augmented Lamb1 expression, whereas Lamb2 mRNA expression was reduced. Histological analysis confirmed an upregulation of Lamb1 and downregulation of Lamb2 in the infarct zone ( Figure IIC in the onlineonly Data Supplement). These data demonstrate that aging and injury control the expression of Lamb1 and Lamb2. Laminin β1 promotes endothelial-to-mesenchymal transition (EndoMT) and decreases integrin β1 activity in endothelial cells compared with laminin β2. A and B, Laminin β1 (laminin 411) matrix augments expression of mesenchymal markers (calponin and SM22α) on RNA level in the presence and absence of TGF β2 (transforming growth factor β; R&D Systems GmbH), compared with laminin β2 (laminin 421) matrix. Before EndoMT induction, cells incubated 7 d on the respective laminin matrix. On day 9 and 11, cells were treated with medium conditioned either with or without 10 ng/mL TGF β2 (n=4). C, Histological analysis of vascular endothelial cadherin (VEcadherin; green) as endothelial marker (detected by rabbit anti-VE-cadherin antibody; Abcam) and SM22α (red) as mesenchymal marker (detected by goat anti-SM22α antibody; Cell Signaling Technology) shows morphological differences in size and shape of cells incubated on the laminin β1 matrix in the presence of TGF β2 compared with cells incubating on the laminin β2 matrix. Nuclei stained with DAPI (4',6-diamidino-2-phenylindole; blue) served as counterstaining. The quantification of proteins is provided in D and E (n=3). F and G, Histological analysis of cells cultured for 24 h on the laminin β2 (laminin 421), laminin β1 (laminin 411), and fibronectin (FN) matrices revealed a decrease in ITGB1 (integrin β1, green) activity in cells cultured on the laminin β1 matrix compared with cells cultured on the laminin β2 or FN matrices. Phalloidin-stained F-actin (gray) and DAPI-stained nuclei (blue) served as counterstaining (n=4). A representative example is shown in F and quantification is shown in G. H and I, After siRNA-mediated silencing of ITGB1 using 25 nmol/L siRNA (Dharmacon) for 48 h (H), cell-matrix adhesion assay was determined (I, n=6). Matrix adhesion was quantified as percentage of matrix-specific adhesion after washing (background was subtracted). Data are expressed as mean±SEM. Statistical analysis was done using 2-sided, unpaired t test for 2-group comparisons (A through E and H). For comparisons of >2 groups, multiple-group ANOVA with a post hoc Bonferroni test was used (G and I). *P<0.05; **P<0.01; ***P<0.001 and ****P<0.0001. May 2018
Cultivation of ECs on Laminin β1 Versus Laminin β2 Affects Adhesion and EndoMT
Because laminin β1 and β2 differ by 49.8% in amino acid sequence in mouse and 50.8% in human, we questioned whether laminins carrying these chains have distinct functions in ECs. To mimic the in vivo situation, we cultured human umbilical cord vein ECs on the laminin isoforms carrying the major endothelial laminin α chain, laminin α4, 13 coupled with either laminin β1 or β2 chains, and the γ1 chain, ie, laminin 411 or 421, respectively. After 10 days of culture, significantly lower numbers of ECs were observed on laminin 411 versus 421 matrices ( Figure 1H ). To determine whether reduced cell number was because of an effect on cell proliferation or cell death, we measured EC proliferation and apoptosis by microplate assays. However, neither apoptosis (as assessed by caspase 3/7 activity) nor cell proliferation was affected by the different matrices ( Figure IIIA and IIIB in the online-only Data Supplement). To elucidate whether the reduced cell numbers observed on the laminin 411 matrix might be caused by an impaired adhesion, we measured short-term adhesion on laminin 411 versus laminin 421. Indeed, EC adhesion was significantly lower on laminin 411 versus laminin 421 or fibronectin matrix ( Figure 1I Because cellular senescence was shown to augment EndoMT in vitro 6 and EndoMT markers were elevated in ECs isolated from aged and infarcted mice hearts ( Figure IV Figure 2C and 2D) . The localization of VE-cadherin at the EC junctions was also less pronounced in laminin 411-cultured ECs ( Figure 2C ), suggesting that laminin 411 augments EndoMT. Because EndoMT was recently reported in ECs in human atherosclerotic lesions, 5 where plaque erosion may trigger acute events, 28 we assessed the impact of the matrix on EC detachment. EC cultured on laminin 411 matrix showed significantly higher detachment compared with laminin 421 matrix ( Figure IIIF in the online-only Data Supplement). Together, these data provide evidence that a switch in laminin β1 to laminin β2 affects EC functions and phenotypes in vitro.
Laminin 411 Versus 421 Isoforms Differentially Regulate Integrin Activation
Laminins bind to integrins to regulate cellular functions. 29 Among the known interaction partners of laminin 411 and 421, ITGB1 is highly expressed and functionally important in ECs. 30 Therefore, we determined the effect of laminin 411 versus 421 on ITGB1 activation by using antibodies that specifically detect the active form of ITGB1. Culturing EC on laminin 421 resulted in a significantly higher activation of ITGB1 compared with EC cultured on laminin 411 ( Figure 2F and 2G) . Silencing of ITGB1 by siRNA reduced EC adhesion on laminin 421 matrix to levels measured on laminin 411 matrix and abolished adhesion on laminin 411 matrix ( Figure 2H and 2I) .
Discussion
In summary, the data of the present study demonstrate that endothelial extracellular matrix proteins are dysregulated by aging. The switch from Lamb2, which is highly expressed in ECs of young hearts, to Lamb1 gene expression in aged hearts modulates EC functions and phenotype. EC adhesion was higher on laminin 421 matrix, probably because of higher ITGB1 activation elicited by laminin 421 compared with laminin 411 matrix. Importantly, laminin 411 sensitizes EC to lose their endothelial identity and acquire mesenchymal features. EndoMT was shown to contribute to cardiac fibrosis 3 and atherosclerosis, 4,5 both of which are prototypic age-associated diseases. The age-associated switch in Lamb2 to Lamb1 may, thus, facilitate these pathophysiological processes. However, we cannot exclude that this switch might be a compensatory mechanism because myocardial injury also induced a similar change in Lamb1/Lamb2 expression and a transient, incomplete induction of EndoMT, which may even promote sprouting angiogenesis. 31 Moreover, because ECs were shown to provide extracellular factors that determine the balance between regeneration versus fibrosis in other tissues such as lung or liver, 32 one may speculate that a dysfunction of ECs matrix protein synthesis might not only impair EC intrinsic functions but also change the paracrine environment, thereby contributing to age-associated tissue dysfunction. Interestingly, we observed profound changes in cytokines and growth factors in supernatants obtained from EC that were cultured on laminin 411 versus 412 matrix ( Figure VI in the online-only Data Supplement). Thus, laminin 411-cultured cells secrete less thrombospondin-2, a cytokine with multiple and complex effects on the cardiovascular system, 33 and FGF2, a well-established inhibitor of EndoMT. 34 Further in vivo studies are needed to confirm our in vitro studies and will need to address the relevance of endothelial Lamb1 and Lamb2 in injury and aging.
